Abstract: Three N-alkoxyamines were synthesized for use in nitroxide-mediated radical polymerization. Upon thermolysis, they generate new acyclic a-hydrogen nitroxides: one adamantyl substituted and two diol-containing nitroxides. The initiators were tested in polymerization reactions in direct comparison with the initiator derived from the nitroxide TIPNO.
Nitroxide-mediated 'living' free radical polymerization (NMRP) has become a very attractive method for the controlled polymerization of olefins, as monomers bearing a wide variety of functionality can be tolerated under the polymerization conditions. The resulting polymers generally display good control over both molecular weight and polydispersity, and the 'living' nitroxide endcap allows for the preparation of nanoscopic materials with highly designed architecture.
1 Other 'living' radical techniques such as Atom Transfer Radical Polymerization (ATRP) mediated by a metal complex, 2 and Reversible Addition Fragmentation Transfer (RAFT) mediated by a thiocarbonyl intermediate 3 have also been developed. ATRP has the advantage that it can be run at lower temperatures, and it functions well with methacrylates, but amine containing monomers sometimes coordinate to the metal catalyst, interfering with the polymerization process. Polymers made by ATRP contain traces of metal, derived from the metal catalyst. RAFT polymerization is effective with a wider range of monomers, including electron rich vinyl acetates, which are not good substrates for NMRP and ATRP. However sulfur-containing impurities may lead to undesirable colored polymers prepared by the RAFT process.
Thus all three methods constitute valuable options in the methodologies available for producing designed polymers using free radical intermediates, yet there is room for improvement. With NMRP, an important achievement would be developing a system that would allow polymerizations to be carried out at temperatures lower than the 105-125 °C that are typically employed. The ability to polymerize electron rich olefins in a controlled manner would further extend the versatility of NMRP. For all of these goals, the characteristics of the nitroxide end-cap are key to improving the polymerization profile. Previously, we 4 and the group of Tordo 5 have introduced a-hydrogen nitroxides TIPNO 1 and SG-1 2, which are effective in the polymerization of styrenes and a variety of electron poor olefin monomers. Very recently a number of cyclic 6 and acyclic 7 new nitroxides have been introduced for improved efficacy in NMRP. Herein we present work on initiators based on several new acyclic a-hydrogen nitroxides for NMRP, in which the N-tert-butyl has been modified.
The synthesis of the adamantyl-based nitroxide 8 was initially approached using the methodology previously developed in this laboratory for the preparation of TIPNO 1 (Figure 1) . 4 To prepare the starting nitro compound nitroadamantane 5, oxidation of adamantylamine was carried out by preparing dimethyldioxirane in situ from Oxone® and acetone under buffered conditions (Scheme 1). 9 This reaction appeared to proceed in reasonable yield, however the product apparently contained the nitroso compound as a contaminate, as indicated by a pale blue tint to the solid product. As the next step involves in situ reduction of the nitro compound to the hydroxylamine, it seemed unimportant to remove the nitroso impu- rity, which is already one oxidation state closer to hydroxylamine than the nitro compound. Thus the crude nitroadamantane was treated with zinc and ammonium chloride in the presence of iso-butyraldehyde to give the nitrone 6 in a disappointing 33% yield.
It is likely that the low yield of nitrone is due to inefficient reduction of nitroadamantane due to the presence of residual oxidizing species derived from Oxone® and acetone used in the previous step. This is supported by the 13 C NMR spectrum of the nitro compound, which shows three peaks at d = 38.6, 36.0 and 30.2 ppm corresponding to the three contaminants dimethyldioxirane, di-dimethyldioxirane, and tri-dimethyldioxirane (Figure 2 ). 9 Addition of phenyl Grignard to the nitrone, followed by Cu (II) catalyzed oxidation of the resulting hydroxylamine gave the adamantyl nitroxide 3 in 64% yield. Use of Hawker's manganese catalyzed N-alkoxyamine preparation using Jacobsen's catalyst 10 afforded the adamantyl initiator 7, 'AD' (Scheme 1).
Figure 2
Unsatisfied with the low yields obtained at the beginning of this sequence, we developed an alternative route to the nitrone. Thus the imine 8 produced from the condensation of adamantyl amine and benzaldehyde was oxidized with m-chloroperbenzoic acid to prepare the oxaziridine 9. The nitrone 10 was formed by thermal rearrangement in refluxing MeCN.
11a Rearrangement induced by treatment with Lewis acid 11b-d was also examined, however the mild conditions of MeCN thermolysis give superior results. Addition of iso-propyl Grignard in conjunction with trimethylsilyl chloride followed by copper catalyzed oxidation provided the same adamantyl nitroxide 3 in good yields (Scheme 2).
Polymerizations using this adamantyl initiator AD 7 were run side by side with polymerizations using TIPNO derived initiator for direct comparison. The results can be seen in Table 1 . Polymerizations with and without added free nitroxide were examined. Addition of free nitroxide did not enhance the polymerization of styrene (St), consistent with previous observations. 4 In polymerizations using dimethyl acrylamide (DMA), tert-butyl acrylate (TBA) and n-butyl acrylate (NBA), polydispersities were slightly improved by addition of 5% free nitroxide using either initiator. In comparing the two initiators, the results of the polymerization of styrene showed no significant difference, whereas with all three of the other monomers, the new adamantyl initiator generally displayed slightly lower polydispersities and concurrently higher molecular weights of the resulting polymers.
As TIPNO functions nicely at 125 °C, the real advantage of a new nitroxide-based initiator would be in the ability to conduct polymerizations at milder temperatures. Thus polymerizations at 105 °C were conducted with both TIPNO and the adamantyl initiators (Table 2) . At this lower temperature, polymerizations were run for 120 In 1999, we introduced the monohydroxy analogue of TIPNO 11. 4 It functions slightly better than TIPNO, but the synthesis is not as straightforward, as it requires protection of the hydroxy group by trimethylsilyl or THP 12 during the entire reaction sequence. During polymerization, it is believed that hydrogen bonding between the hydroxy group and the nitroxide oxygen 13 in a sixmembered ring 12 stabilizes the nitroxide. This is reflected in a lower BDE of the key carbon-oxygen bond and an associated faster K d of the N-alkoxyamine growing chain- end. There is also a weak contribution by polar ground state effects that destabilize the N-alkoxyamine with the addition of hydroxy substituents. 14 ), 15, 16 and it does indeed function effectively in effecting polymerization at lower temperatures than TIPNO. However, the synthesis requires the use of an ortho ester as a triol protection group, and is somewhat challenging. We felt that the diol analogue would be easier to protect and deprotect, and would likely afford a similar hydrogen-bonding advantage in lowering the BDE of the N-alkoxyamine initiator and macroinitiators during polymerization. Thus we prepared N-alkoxyamine initiators based on nitroxide diols 4a and 4b (Figure 3 ). In the latter, the extra steric bulk of the neopentyl phenyl group might also help to lower the BDE to allow for polymerization to proceed at lower temperatures.
To prepare an initiator based on methyl substituted nitroxide diol 4a, the hydroxy groups of 2-nitro-2-methyl-1,3-propanediol (14) were protected as acetal 15 using benzaldehyde following the procedure of Piotrowska et al. 17 Although our general procedure for nitrone formation usually involves a one-pot reaction involving reduction of the nitro compound to the hydroxylamine, followed by in situ condensation with an aldehyde, with this substrate, a two-step procedure gave superior results. Both benzaldehyde and isobutyroaldehyde were utilized to prepare nitrones 16 and 18, respectively (Scheme 3). Grignard addition followed by Cu II catalyzed air oxidation gave protected diol nitroxide 19. Conversion to the Nalkoxyamine 20, followed by deprotection with ten equivalents of trifluoroacetic acid (TFA) gave the diol-Me initiator 21 in 71% yield. Use of fewer equivalents of TFA resulted in significantly lower yields.
In initial polymerization screens (Table 3) , Me-diol initiator 21 showed slightly less control than the TIPNO-based initiator. Since the free nitroxide Me-diol 4a could not be obtained, 2.5% of the nitroxide TIPNO was added in the n-butyl acrylate polymerizations. Although it is clear that nitroxides are free to exchange during the polymerization reaction, 18 any significant excess of free a-hydrogen nitroxide is expected to decompose 19 at 124 °C. Thus incorporation of TIPNO into the growing polymer chains would at most be 2.5%, but is likely significantly less. The role of the added nitroxide is to prevent undesired radical chain termination reactions from occurring at the onset of the polymerization before the Persistent Radical Effect 20 can establish a steady state concentration of free nitroxide. By spiking the polymerization with a small amount of nitroxide, the system is forced to 'livingness' and thus to control in the early moments of the polymerization. 21 The second diol starting material, phenyl substituted 22, was protected as the acetonide, which was then converted to the N-alkoxyamine 26 following a similar procedure (Scheme 4). Final deprotection using trifluoroacetic acid provided the phenyl substituted N-alkoxyamine diol 27. 
Polymerizations using the diol-Ph initiator 27 (Table 4) showed significantly poorer control than those using the TIPNO-derived N-alkoxyamine, particularly with tert-butyl acrylate and dimethyl acrylamide monomers. This was surprising, as the increased steric bulk of the phenyl group in diol-Ph 4b compared to the methyl group in diol-Me 4a was expected to help destabilize the parent N-alkoxyamine, and thus lower the BDE.
A clue to the poor behavior of 4b in polymerizations might be provided by MOPAC calculations of the conformation of nitroxides 4a and 4b ( Figure 4 ). Energy minimization predicts the diols to be proximal to the nitroxide oxygen in 4a, but distal to the nitroxide oxygen in 4b, preventing H-bonding ( Figure 4 ). ® , the pH was monitored until stable at ca. 8, then the reaction was allowed to slowly return to r.t., and stirred for an additional 20 h. The reaction mixture was then extracted with CH 2 Cl 2 (4 × 200 mL), and the combined extracts were washed with sat. NaCl (300 mL), dried over solid MgSO 4 , filtered and concentrated under vacuum to give the crude product as a pale blue solid (5.19 g, 87%). This material was used without purification in the next step. The blue color is from a small amount of nitrosoadamantane by-product. If desired, the nitroso compound can be removed chromatographically by elution with hexanes, and the nitro compound can then be obtained by elution with hexanes-acetone (5:1); mp 157-162 °C; R f 0.89 (TLC: EtOAc, visible by UV, brown with I 2 ). 
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N-Adamantyl-a-propylnitrone (6)
Crude 1-nitroadamantane (5; 1.3204 g, 7.99 mmol), NH 4 Cl (427.9 mg, 8.0 mmol), and isobutyraldehyde (0.38 mL, 7.3 mmol) were suspended in H 2 O (15 mL). Et 2 O (7.3 mL) was added to dissolve all solids. The solution was cooled to 0 °C in an ice bath, and zinc powder (1.9036 g, 29.12 mmol) was added in multiple small portions over the period of 30 min. After stirring for 24 h, the mixture was filtered through Celite ® , and the filter cake was washed with Et 2 O (3 × 20 mL). The two-phase filtrate was extracted with Et 2 O (4 × 50 mL). The combined organic layers were washed with brine (100 mL), dried over MgSO 4 , filtered, and concentrated to give crude nitrone (845.5 mg). The nitrone was then purified twice by flash column chromatography [hexanes → hexanes-EtOAc (5:1), and hexanes-acetone (5:1)] to afford 6 (527.7 mg, 32.7%) as a white 
1-Adamantyl-3-methyl-2-phenylazabutane-1-nitroxide (3)
N-Adamantyl-a-phenylnitrone (10; 0.2 g, 0.78 mmol) was dissolved in THF (5 mL) and the mixture was cooled to 0 °C in an icebath. Distilled trimethylsilyl chloride (0.2 mL, 1.56 mmol) was added, and the mixture was allowed to stir for 5 min. Isopropyl magnesium chloride (1.18 mL, 2.35 mmol) was then added, and the mixture was stirred at r.t. for 2 h. To decompose the excess Grignard reagent, concd NH 4 Cl (5 mL) was added, followed by deionized water (15 mL). The organic layer was separated and extracted with Et 2 O (25 mL). The combined organic layers were dried over MgSO 4 , filtered, and concentrated in vacuo to give an orange oil. This product was purified by flash column chromatography using hexanes-EtOAc (16:1) to yield the product (0.1523 g). This collected product was dissolved in THF (5 mL) and Cu(OAc) 2 (3.64 mg, 0.02 mmol), and concd NH 4 OH (2 drops) were added to give a pale yellow-green solution. MeOH was added dropwise until the copper compound dissolved. Air was bubbled through the solution for about 30 min, but only a slight color change was observed: from pale yellow-green to a pale forest green. The reaction was concentrated, CHCl 3 (5 mL) and aq KHSO 4 (5 mL) and deionized water (3 mL) were added. The organic layer was separated, washed with concd NaHCO 3 solution (5 mL), dried over MgSO 4 , filtered, and concentrated in vacuo to give an orange oil (0.117 g, 98% yield). Treatment of a small sample with phenylhydrazine in an NMR tube gave a sample identical to that formed by the alternative method above.
1-Adamantyl-3-methyl-1-(1¢-phenylethoxy)-2-phenyl-1-azabutane 'AD' (7)
To a solution of styrene (302.04 mg, 2.90 mmol) and 1-adamantyl-3-methyl-2-phenyl-azabutane-1-nitroxide (3; 432.4 mg, 1.45 mmol) in toluene-EtOH (11 mL, 1:1) was added [N,N-bis(3,5-ditert-butylsalicylidene)-1,2-cyclohexanediaminato] manganese(II) chloride (184.21 mg, 0.29 mmol) followed by NaBH 4 (164.56 mg, 4.35 mmol). The reaction mixture was stirred for 48 h, evaporated to dryness, and partitioned between CH 2 Cl 2 (11 mL) and H 2 O (15 mL). The aqueous layer was extracted with CH 2 Cl 2 (3 × 10 mL) and the organic layers were combined and evaporated to dryness to provide crude product (493.2 mg), which was purified twice by flash column chromatography [hexanes followed by hexanes-EtOAc 
5-Methyl-5-nitro-2-phenyl-1,3-dioxane (15)
Following the procedure of Piotrowska, 17 benzaldehyde (0.2124 g, 2.0 mmol), 2-methyl-2-nitro-propane-1,3-diol (0.2702 g, 2.0 mmol) and p-toluenesulfonic acid were heated in benzene (5 mL) with a Dean-Stark trap until no further water was produced. After cooling, the reaction mixture was washed with sat. NaHCO 3 solution (3 × 10 mL), dried over MgSO 4 and filtered. After the product was concentrated in vacuo, the crude product was recrystallized with cold EtOH to give the product 15 (0.3337 g, 75%) as a white solid; mp 119-120 °C (recrystallized from EtOH, Lit. 17 -2-phenyl-N-(isopropylen)-1,3-dioxan-5-amin-N -2-[(2-methyl-1-phenylpropyl)-(1-phenylethoxy)amino]propane-1,3-diol (21)  To a solution of N-(5-methyl-2-phenyl[1,3] 
5-Methyl
) and isobutyraldehyde (0.1134 g, 1.6 mmol) were employed. The reaction mixture was stirred at r.t. overnight (16 h). Purification with flash column chromatography [eluent: hexanes → EtOAc → MeOH-EtOAc
2-Methyl
(20; 0.5661 g, 1.27 mmol) in THF (8 mL) and H 2 O (2 mL) was added trifluoroacetic acid (0.94 mL, 12.7 mmol) at 0 °C. The reaction mixture was allowed to warm to r.t. and then refluxed (66 °C) overnight. After quenching with sat. NaHCO 3 solution (10 mL), the organic layer was separated and the aqueous layer was extracted with CH 2 Cl 2 (3 × 10 mL). The organic layers were combined, washed with sat. NaHCO 3 solution (3 × 5 mL), dried with MgSO 4 and filtered. Removal of volatiles in vacuo followed by flash column chromatography [eluent: hexanes → EtOAc-hexanes (3:10)] gave the product 21 (0.3238 g, 71%) as a colorless oil as a mixture of two diastereomers. 05 mmol) and THF (5 mL) was added phenylmagnesium bromide (3.4 mL, 10.1 mmol) dropwise over 5 min at 0 °C. The reaction mixture was allowed to warm to r.t. and was stirred for 2 h. Excess Grignard reagent was quenched with sat. NH 4 Cl solution (7 mL). To this was added H 2 O (5 mL) and the aqueous layer was extracted with CHCl 3 (3 × 20 mL). The combined organic layers were dried over MgSO 4 , filtered, and concentrated in vacuo. The residue was dissolved in MeOH (20 mL), and concd NH 4 OH (0.7 mL) and copper acetate monohydrate (51 mg, 0.253 mmol) were added with stirring. Air was bubbled into the solution for 30-40 min, and then the solution was concentrated in vacuo. To this was added 2 M NH 4 OH (35 mL) and CHCl 3 (35 mL) and the aqueous layer was extracted with CHCl 3 (3 × 20 mL). The combined organic layer was dried over MgSO 4 , filtered, and concentrated in vacuo. HRMS: m/z [M + + H] calcd for C 27 H 34 NO 3 : 420.25658; found: 420.25332.
Polymerization; General Procedure
A mixture of N-alkoxyamine initiator (0.0192 mmol, 1 equiv) olefin monomer (19.2 mmol, 1000 mol equiv unless otherwise specified) and nitroxide (if added: 0.00096 mmol, 0.05 mol equiv) was degassed in an ampoule by three consecutive freeze-pump-thaw cycles and sealed under Ar. The mixture was heated to the specified temperature in an oil bath for the amount of time indicated. After cooling to r.t., a small sample of the crude polymer was collected for 1 H NMR analysis, and the remaining product was dissolved in CH 2 Cl 2 (6-10 mL) and poured into the specified precipitation solvent (300 mL) at 0 °C. The precipitated polymer was separated by decantation, re-dissolved in CH 2 Cl 2 (ca. 6 mL) and mixed with the specified solvent (300 mL). The precipitated polymer was separated by decantation, allowed to air dry, and analyzed by 1 H NMR and GPC. Polymers were precipitated as follows: St with MeOH, DMA with hexanes, TBA with 50% aq MeOH, and NBA with 70% aq MeOH.
